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Spindles are ubiquitous oscillations during non-rapid eye movement (NREM)
sleep. A growing body of evidence points to a possible link with learning and
memory, and the underlying mechanisms are now starting to be unveiled.
Specifically, spindles are associated with increased dendritic activity and
high intracellular calcium levels, a situation favourable to plasticity, as well
as with control of spiking output by feed-forward inhibition. During spindles,
thalamocortical networks become unresponsive to inputs, thus potentially
preventing interference between memory-related internal information proces-
sing and extrinsic signals. At the system level, spindles are co-modulated with
other major NREM oscillations, including hippocampal sharp wave-ripples
(SWRs) and neocortical slow waves, both previously shown to be associated
with learning and memory. The sequential occurrence of reactivation at the
time of SWRs followed by neuronal plasticity-promoting spindles is a possible
mechanism to explain NREM sleep-dependent consolidation of memories.
This article is part of the Theo Murphy meeting issue ‘Memory reactiva-
tion: replaying events past, present and future’.1. Introduction
Soon after the discovery of brainwaves byHans Berger in 1929 [1], Alfred Loomis
performed electroencephalographic (EEG) recordings in resting subjects and
provided the first descriptions of sleep-specific brain oscillations [2]. The EEG
traces during sleep, far from being flat as expected from an ‘inactive’ brain, are
dominated by various patterns, including the so-called spindles, short (less
than 3 s) waxing and waning oscillatory events with a typical frequency ranging
from 9 to 15 Hz in humans [3–7]. The neuronal basis underlying the generation
of spindles has now been clearly established and involves the interplay between
the neocortex and thalamic networks spontaneously oscillating at spindle
frequency [8–10].
A decade before the discovery of spindles, sleep had been shown to be
beneficial for memories [11], and the relationship between sleep dynamics and
memory has remained a central topic of neuroscience since then [12–16]. Specifi-
cally, a novel experience imprints a labile physiological trace in the brain that
vanishes unless it is consolidated. Sleep is considered to be an ideal brain state
for reprocessing memories in order to sort, consolidate and generalize recently
acquired knowledge [15,17]. The exact contribution of different sleep stages for
memory consolidation remains a subject of debate [13,18–20], yet it is generally
accepted that non-rapid eye movement (NREM) sleep plays a key role in this pro-
cess [15,20]. Oscillations during NREM sleep have been proposed to be the
correlates of cellular and molecular mechanisms promoting sleep-dependent
memory enhancement [12,13,19–21]. Among the different oscillations observed
during NREM sleep, thalamocortical spindles have been repeatedly suggested
as a mediator of cognitive enhancement and memory improvement observed
during sleep [5,8,22–24].
Sleep spindles have now been the focus of a large body of literature and
studied in a variety of conditions: different animal species and brain modalities,
natural sleep and anaesthesia, sleep with or without associated learning
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2paradigms, in vivo and in vitro. Here, we will first review our
current understanding of the link between spindles, memory
and synaptic plasticity. Then, we will review the recent data
that link spindles and local regulation of the neocortical micro-
circuitry and how this regulation supports their role in synaptic
plasticity. Wewill then address the question of the role of spin-
dles at the systems level and how their co-modulation with
other major oscillations during NREM sleep, in particular
hippocampal sharp wave-ripples (SWRs), may constitute the
physiological basis of the NREM sleep-dependent consolida-
tion of declarative memories. Finally, we propose a model in
which spindles play a central role for synaptic consolidation
in the particular framework of memory systems consolidation.
2. Link between spindles, memory and plasticity
Being the most prominent sleep stage (approx. 80% of total
sleep in adult humans), NREM sleep has attracted of lot of
attention as the main mediator of sleep function(s). While
rapid eye movement (REM) sleep has long been a focus of
memory research, the discovery of experience-dependent
NREM ‘replay’ activity in the hippocampus provided new
evidence and interest in the role of NREM sleep in memory
[25–27].
(a) Thalamocortical non-rapid eye movement sleep
oscillations
Cortical activity during NREM sleep differs from wakefulness
in one crucial aspect: it is synchronized by slow waves (SWs).
SWs are typically divided into slow oscillations (SOs less
than 1 Hz) and delta (1–4 Hz), sometimes grouped into slow
wave activity (SWA: 0.5–4 Hz). In thalamocortical networks,
the other NREM-specific oscillations are the spindles. In
humans, SWs and spindles do not occur at the same rate
across sleep and their relative prevalence divides NREM
sleep into three stages indicative of sleep depth [18,28].
Although spindles are found across all NREM sleep stages,
spindle activity prevails in stage 2 (light sleep) while SWA
increases in stage 3 (deep sleep, also called slow-wave sleep,
SWS) [29]. In rodents, the architecture of NREM sleep can
also be divided into three stages during which cortical
dynamics share strong similarities with human electrophysio-
logical markers defining these stages [18]. Similar to humans,
SWs and spindle activity are more prominent during stages
N2 and N3 in rodents but spindle intensity and number
show a greater increase at the end of NREM sleep episodes
[30–32], which often correspond to the transition to REM sleep.
The physiology of SWs and spindles has now been well
characterized and is the focus of several comprehensive
reviews [5,7–9,33–36]. These oscillations are both generated
within thalamocortical networks. However, while the primary
generator of SWs consists of the cortical fluctuation between
UP and DOWN states of neuronal activity [9], the pacemaker
of spindles resides in the thalamus. Briefly, spindles are
generated by the interplay between the inhibitory cells of the
thalamic reticular nucleus (TRN) of the thalamus and thalamo-
cortical neurons in the dorsal thalamus [9,36]. Corticothalamic
Inhibitory volleys from the reticular cells activate specific
calcium channels (T-type current) which eventually leads to
bursts of action potentials in some thalamocortical neurons.
This strong volley of excitation, in turn, activates the inhibitory
cells of the TRN, and this interaction repeats itself at eachspindle cycle. These excitatory volleys also depolarize cortical
neurons, giving rise to spindle events, as detected in EEG
and local field potential (LFP) recordings (figure 1a). While
the neocortex does not directly play a role in the generation
of spindles, corticothalamic projections synchronize these
oscillations [41].
Fine differences in spindle frequencies are observed across
developmental stages and brain regions, yet, overall they are
preserved across animal species [42]. In humans, spindles
are readily visible in the EEG and can be divided into fast
(12–15 Hz) and slow (9–12 Hz) spindles based on distinct
peaks in the NREM power spectra [43,44]. The differentiation
into fast and slow spindles is also based on topography,
whereby fast spindles are preferentially expressed in the parie-
tal/somatosensory areas and slow spindles in the frontal brain
areas ([43] and see [5] for review). Although this distinction
may have some functional relevance in relation to memory in
humans (see below), the fast and slow components of spindles
cannot be distinguished in rodent EEG/LFP power spectra [44]
which limits their study in this species. However, differences in
power and occurrence rate have been observed across cortical
areas in rodents [45,46]. Spindles are not a unitaryphenomenon,
but instead, reflect the oscillatory activity of many parallel tha-
lamocortical circuits that may or may not synchronize across
circuits and modalities. In fact, intracerebral spindles recorded
in epileptic patients implanted with depth electrodes are often
‘local’ andmore rarely ‘global’ [43,47,48]. Furthermore, spindles
simultaneously monitored with EEG and magnetoencephalo-
graphy, believed to track the activity of different cortical
dipoles, show only a weak temporal correlation [37].
While the ubiquitous nature of spindles and their charac-
teristics across brain regions and animal species become less
and less disputed, it is only in the last 20 years that their
contribution to memory and brain plasticity, in general, has
started to be unveiled.
(b) Link between spindles and memory
The strong activation of cortical neurons by thalamic excitatory
volleys is an interesting candidate for promoting plasticity
during NREM sleep [49,50]. Spindles are associated with
both declarative and procedural learning (reviewed in [5]),
further suggesting a fundamental link with the mechanisms
responsible for reshaping network connectivity. The evidence
linking SW and spindle oscillations and memory fall into
three categories: correlative, causal and link with plasticity.
In this section, we will review each of these categories of
experimental findings.
(i) Correlative evidence
Change in NREM oscillations following learning was first
evidenced in human studies. Specifically, using scalp EEG
recordings, studies showed that specific spindle parameters
(e.g. density, amplitude) increased in post-learning sleep for
both declarative and procedural memory tasks ([22,23,38,
51–55] and figure 1b). It is noteworthy that not all forms of learn-
ing upregulate spindles (e.g. [56]). In addition, modulation of
spindles is also use-dependent as learning induces increase
in spindles in brain regions involved in the learned tasks
[55,57–60]. Those latter studies in humans also show a preferen-
tial involvement of fast spindles in memory enhancement.
Comparable observationshave beenmade for SWs, inparticular
SWA, that show use-dependent increase during post-learning
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Figure 1. Spindles, memory and plasticity. (a) Examples of spindles in human electroencephalograph (EEG) and magnetoencephalogram (MAG) (upper traces,
adapted from [37]) and rat (lower trace; J. Seibt 2017, unpublished data). Spindles are highlighted in yellow. (b) Influence of learning on spindle density in
the human (left graph, adapted from [38]) and rat (right graphs, adapted from [39]) frontal cortex. (c) Boosting frontal slow spindles (and SOs, not shown)
with frontolateral slow oscillatory (0.75 Hz) transcranial direct current stimulation (so-tDCS) in humans improves declarative memory (adapted from [21]). (d ) Nat-
uralistic spindle stimulus pattern (SSP) promotes short- (STP) and long-term plasticity (LTP) in vitro (adapted from [40]).
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3sleep specifically over the cortical areas engaged in the learning
task [61,62]. In rodents, both spindles and SWs also increase
following learning and experience [39,44,63,64]. Furthermore,
during sleep following perceptual visual learning in developing
cats and adult mice, neurons of the visual cortex become more
strongly phase-locked to spindles than in baseline condition
[65,66]. Taking together, these data support a functional impli-
cation of these oscillations in offline information processing
during spindles.
Beyond their role in memory, the relationship between
spindles and cognition is also supported by studies showing
a link between spindles and activity in the developing brain.
Evidence points to a role for spindles in the early establishmentof sensorimotor cortical maps [67–69]. Furthermore, changes
in spindle characteristics are also closely linked to neuro-
pathology associated with cognitive impairments such as
autism spectrum disorders, schizophrenia and Alzheimer’s
disease [70–72]. Although the specific changes in spindles
vary depending on the neuropathology (i.e. neuropsychiatric,
neurodevelopmental and neurodegenerative disorders) and
the spindle characteristics measured, a general trend in
decreased spindles density in those pathologies have been
repeatedly reported (reviewed in [5]). This suggests that vari-
ations in the number of spindles may play a particularly
important role for cognitive functions. Taken together, spindles
have been cast in variety of roles related to the development
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4and maintenance of cognitive functions, including memory.
These observations support a common role for spindles in
neuronal plasticity—the biological substrate of memory.
(ii) Causal evidence
Do changes in NREM oscillations, especially spindles, play
an active role in memory consolidation or do they only
reflect physiological modifications associated with plasticity,
such as increased excitability [19]? While correlative studies
cannot unequivocally address this issue, it can be addressed
via direct manipulations of these oscillations. The best way
to establish a direct link between NREM oscillations
and cognition is to perform manipulations (e.g. gain- and
loss-of-function) of these network phenomena and assess the
resultant effect on memory performance. Manipulations of
SOs and spindles have been performed in both humans and
rodents. Inmost human studies, non-invasive brain stimulation
via transcranial electrical stimulation (tES) is used for this
purpose [73]. In a seminal tES study by Marshall and
colleagues, they applied transcranial direct current stimulation
at the slow oscillation frequency (0.75 Hz) (so-tDCS) above
frontolateral regions in young subjects. This stimulation elicits
an increase in both SOs and spindles and improves performance
in a declarative paired-associate memory task ([21] and
figure 1c). Following this study, these results have been repli-
cated and complemented. Using feedback-controlled
transcranial alternating current stimulation (tACS) of frontal
areas at spindle frequency (12 Hz) during NREM sleep, Lusten-
berger et al. [74] specifically enhanced spindle activity (i.e. sigma
11–16 Hz) which was accompaniedwith enhancement of motor
memory consolidation. In addition, increasing the SOs/spindle
coupling using administration of zolpidem in humans has a
positive effect on performance on a verbal memory task [75].
Targetedmemory reactivation (TMR) paradigm is another inter-
esting approach [73]: presentation of a memory-related tone or
odour during NREM sleep improves memory performance
the following day [76,77]. In addition to enhance memory,
TMR elicits a parallel increase in SOs and fast spindle incidence,
suggesting a causal relationship with cognitive performance
[21,53,58, 78,79]. Finally, a recent study in humans used bed
rocking at slow frequency (0.25 Hz) to enhance stage 3 NREM
SOs and spindles. In this paradigm, memory performance
improvement is positively correlated with fast spindles [80].
However, a similar approach inmice shows small effects of rock-
ing on NREMEEG power, in particular, for the sigma band that
actually displayed a strong suppression when the frequency of
rocking was increased [81]. Although indicative, the influence
of rocking on memory should be replicated in mice to clarify
the link between NREM oscillations and cognitive performance
using this behavioural approach.
In rodents,manipulationsof SWsand/or spindle oscillations
also point to a relationship with learning and memory. For
example, optogenetic stimulation of the TRN to phase lock
thalamocortical oscillations (approx. 8 Hz) with SOs and hippo-
campal SWRsboosts theperformanceofmice inacontextual fear
conditioning task [82]. However, it is worthmentioning that this
optogenetic stimulation increases spindle oscillations in the 7–
10 Hz frequency band but also inhibits oscillations in the
sigma frequency band (10–15 Hz) [83]. Thus, although thalamo-
cortical stimulation during NREM sleep enhances memory in
mice, whether the induced oscillations represent physiological
spindles remains to be determined. More recently, Kim et al.
[84] used optogenetic stimulation in mice to manipulate theamounts of SO/spindle or delta/spindle nesting events and
show increased or decreased performance in a neuroprosthetic
task (i.e. procedural memory), respectively [84]. This latter
study has two implications. First, it supports growing evidence
for physiological [45] and functional differences between SO
and delta oscillations. Second, it further suggests that the role
of spindles is not limited to strengthening of memory traces
but can, depending on their coupling, also promote forgetting
[84]. Altogether, manipulations of NREM sleep oscillations
point at an important role of oscillatory coupling in memory,
an aspect discussed in §4.
(iii) Link with plasticity
Although NREM oscillations may have a direct impact on var-
ious aspects of neuronal physiology, their influence on
synaptic plasticity is a likely candidate for the mechanisms of
memory consolidation. Synaptic plasticity mechanisms, such
as long-term potentiation (LTP) and depression (LTD), are
thought to be the cellular substrates of long-term modifications
of memory-related circuits [85–89]. There are only a handful
of studies that haveattempted todemonstrate a linkbetweennet-
work events during sleep and plasticity measures. In humans,
the variability in LTP-like or LTD-like induction using electrical
nerve stimulation paired with transcranial magnetic stimulation
correlates with inter-individual variability in local changes in
slow spindles and the efficacy of the paired stimulation the
next day [90]. In mice, Durkin et al. used an in vivomodel of cor-
tical plasticity induced by visual experience (orientation-specific
response potentiation, OSRP) and showed that optogenetic
disruption of corticothalamic activity reduces both spindles
and SWA.Thismanipulation impairsOSRPand the potentiation
of neuronal responses in the visual cortex during NREM sleep
post-experience [63]. Using a combination of in vivo intracellular
and in vitro recordings in the cat neocortex, Chauvette et al.
demonstrated that thalamocortical activity during NREM sleep
can trigger cortical LTP-like responses [91]. A direct link between
spindle activity and plasticity has been demonstrated in vitro by
Rosanova et al. [40]. Stimulating slices of the somatosensory
cortexwith naturalistic spindle stimuli derived from intracellular
recordings in vivo induces both short- term potentiation (STP)
and LTP ([40] and figure 1d). Finally, experience-dependent
increase in spindles during NREM sleep correlates with
increased phosphorylation of Ca2+/calmodulin-dependent
protein kinase II (CaMKII) during REM sleep in the hippo-
campus [94], suggesting that plasticity initiated during NREM
spindles may carry on across sleep stages.
In conclusion, spindles are crucial for the consolidation of
several types of memories (i.e. declarative and procedural), as
well as for the development of thalamocortical circuits and
cortical functional maps, suggesting a common underlying
physiological mechanism. However, how neuronal plasticity
is induced and regulated during spindles in vivo remains to
be determined.3. Spindles’ role in synaptic plasticity and
memory: cellular, local circuits and systems
While there is now a good understanding of how spindles are
generated in the thalamus, the physiology of spindles in the
cortex is much less clear. Resolving this question is of prime
importance to understand the role of spindles in memory and
plasticity. This can only be achieved by a combination of
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Figure 2. Inhibition of cortical activity during spindles. (a) Depth EEG/unit activity recordings in various brain regions (purple circles) in humans. Average cortical firing
rate (across various depths and brain regions) during spindles (green bar) (adapted from [43]). (b) Entrainment of regular spiking (RS, putative excitatory) and fast
spiking (FS, putative inhibitory) neurons during spindles in the superficial and deep layers of rat medial prefrontal cortex (mPFC). Top trace and raster: example of a
spindle event (grey bar) and associated firing in the superficial and deep layers of the mPFC. The red and blue dots in the raster indicate spike times of two putative FS
neurons in the superficial (sup.) and deep layers, respectively. Polar histograms show the distribution of the phases of these two neurons relative to all spindles. Bottom
left: distribution of preferred phases to spindles for all neurons across layers and cell types (black histogram) and only for the significantly modulated neurons (colour
histograms). Bottom right: changes in firing rate (f.r.) during spindles relative to NREM sleep across cell types and layers (adapted from [92]). (c) Average change in firing
rate peri-spindles (red stars) of L5 pyramidal neurons in the somatosensory cortex of head-fixed rats (adapted from [31]). (d ) Intracellular recordings of pyramidal
neurons activity during spindles in the primary somatosensory cortex (SI) of anaesthetized cats. Left: example of spindles sequence recorded with depth electroenceph-
alogram (depth - EEG) together with neuronal discharge. Right: superimposition of 10 spindle cycles of the same cell. Traces were aligned to negative peaks of depth
EEG. Note the excitatory post-synaptic potential followed by inhibitory post-synaptic potential followed by IPSP during spindles (adapted from [93]).
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5techniques investigating intracellular and network-level prop-
erties associatedwith spindles, and how they relate to memory.
(a) Local: cortical activity during spindles
(i) Electrophysiological recordings
Given that thalamic neurons burst during spindles, cortical
neuronsmust receive strong and synchronized barrage of excit-
atory inputs that may in turn trigger plasticity in the form of
LTP [49] and augmented neuronal responses [50]. However,
in vivo electrophysiological recordings in humans and rodents
reveal a more complex picture. In humans, cortical neuronal
spiking shows little change, if any, during spindles ([43] and
figure 2a). While Andrillon et al. [43] studied more than 200
units in various brain regions, the different layers and types
of neurons recorded were not specified as determining the
precise location of microwires used for intracerebral human
electrophysiology is generally a near-impossible task. Using
extracellular recordings in naturally sleeping rats, Peyrache
et al. [92] showed that spindles entrain most, but not all corticalneurons in the medial prefrontal cortex (mPFC). Specifically,
inhibitory neurons across all layers show increased firing rate
and phase-locking to spindles. Interestingly, while the majority
of superficial excitatory neurons is modulated by spindles,
spiking of excitatoryneurons indeep layers (Layers 5/6) is indif-
ferent to spindle occurrence and phase ([92] and figure 2b). The
lack of modulation of deep layer excitatory neurons by spindles
was confirmed in the somatosensory cortex of head-fixed rats
using juxtacellular recording ([31] and figure 2c).
Thalamic inputs to the cortex recruit strong inhibition
[95–98], especially by directly activating fast-spiking (FS),
putative parvalbumin-positive (PV+) basket cells [95,98].
During spindles, FS cells increase their firing rates and are
phase-locked to the oscillations [92,99]. Furthermore, the
observation that deep layer pyramidal neurons are not modu-
lated by spindles is intriguing as Layer 5 (L5) neurons receive
a direct input from thalamocortical neurons [100]. One expla-
nation is that L5 pyramidal neurons, dominated by somatic
inhibition, may be indirectly silenced during spindles. This
hypothesis is supported by in vivo intracellular recordings
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6in anaesthetized cats showing inhibitory post-synaptic poten-
tials during spontaneous spindles in the cortex ([93] and
figure 2d ). The reason why somatic inhibition of L5 pyrami-
dal neurons is promoted during spindles is not clear, but
computational modelling suggests that this could facilitate
activation of dendrites without triggering excessive spiking
during spindles ([49,93] and figure 3a). Recent Ca2+ imaging
studies have provided evidence that spindles may, in fact,
trigger cell- and layer-specific activation in accordance with
this model (reviewed in [102,103]).
(ii) Calcium imaging
The advent of optical techniques, such as Ca2+ imaging, has
provided new opportunities to monitor brain activity during
natural sleep in rodents [103]. Unlike electrophysiology, Ca2+
imaging has the advantage of enabling activity monitoring in
selected neuronal populations (e.g. inhibitory subpopulations)
and compartments (e.g. dendrites). Imaging of pyramidal and
inhibitory neurons at different cortical depths has confirmed
the complex regulation of cortical activity during spindles.
Using one- and two-photon imaging, Seibt et al. imaged Ca2+
activity in populations and single dendrites of L5 pyramidal
neurons in rodents. They found that large populations of den-
drites increase their activity and synchronization during
spindle-rich oscillations ([31] and figure 3b), supporting the
dendritic-centred model proposed by Contreras et al. [93].
Using two-photon imaging, Niethard et al. confirmed the elec-
trophysiological findings, suggesting that activity in excitatory
and PV+ inhibitory neurons in superficial layers (L2/3) of the
cortex correlates with spindle activity ([101] and figure 3c).
This latter study further showed that excitatory activity is
specifically increased in spindles coupled with SOs whileactivity in PV+ interneurons is modulated by spindles in gen-
eral. By contrast, somatostatin positive (SOM+) interneurons in
the superficial layers of the cortex show a negative correlation
with spindles. Because SOM+ interneurons are known to pre-
ferentially target dendrites [104], these results suggest that
dendrites are disinhibited during spindles, providing a mech-
anism underlying increased dendritic activity at the time of
spindle occurrence [49,93]. Although imaging approaches
suggest that PV+ activity is increased during spindles, this
has been characterized only in superficial layers. It remains to
be determined if this trend is also found in the deep layers
which would support the hypothesis that spindles trigger
perisomatic inhibition of L5 neurons.
(b) Systems: coupling of forebrain oscillations during
non-rapid eye movement sleep
Oneof the best examples of the contribution of spindles to learn-
ing is their postulated role in systems consolidation of
declarative memories. During NREM sleep, thalamocortical
spindles are co-modulated with hippocampal activity, and this
coordination is believed to be essential for systems consolida-
tion. Specifically, declarative memories are initially dependent
on the integrityof thehippocampusand thisdependencygradu-
ally declines as memories are consolidated in the neocortex
[25,105–109]. During NREM sleep, hippocampal activity is
dominated by SWRs, transient events of high neuronal synchro-
nization, associated with a fast (200 Hz) and short-lasting
(50–300 ms) oscillations in the LFP ([110] and figure 4a). SWRs
during sleep are critical for memory consolidation [25,112,113]
and the coupling between spindles, SOs and SWRs supports
sleep-dependent memory consolidation [15,114].
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Figure 4. SWR and spindles comodulation and link to replay. (a) Example
traces of LFP recorded simultaneously in the medial prefrontal cortex (mPFC,
top, broadband) and in the CA1 pyramidal layer of the hippocampus (Hpc,
bottom, filtered in the SWR-frequency range) (adapted from Peyrache et al.
[92]). Red and green asterisks indicate a SWR and a SW, respectively. Spindles
are highlighted with an orange bar. (b) Relationship between spindles and
reactivation in the mPFC. Top: spindle-trough time average (± s.e.m.) of reac-
tivation strength of neuronal ensembles during sleep following learning;
bottom, same as top for SWR occurrence rate (adapted from [111]).
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7(i) Hippocampal sharp wave-ripples and the consolidation of
declarative memories
DuringNREMsleep, patterns of neuronal population activity in
the hippocampus that form with experience are spontaneously
‘replayed’ (or ‘reactivated’) (for review, see [115,116]), especially
at times of SWRs [27,117]. This replay of population activity is
critical for the consolidation of hippocampus-dependent
memories [25,110] as demonstrated by direct manipulation of
SWRs [112,113]. SWRs are associated with replay of activity inthe neocortex, especially in the main output structures of the
hippocampus such as entorhinal cortex [118,119] but see
[120]), prefrontal cortex [111], striatum [121,122] and amygdala
[123]. Interestingly, these brain areas are all well known for their
involvement in various forms of learning. As discussed above,
learning induces changes in the incidence rate of spindles and
SOs (see §2b). Similarly, the occurrence rate of SWRs during
NREM sleep increases after learning [124–126]. Overall, these
observations suggest that learning is associated with physio-
logical changes (e.g. cell’s excitability) that directly affect
NREM oscillations characteristics.(ii) Coupling slow oscillations, spindles and sharp wave-ripples
across brain regions
Declarative memories, especially episodic memories, are
supposed to entail broadly distributed networks of neurons
across sensorymodalities [127]. Large-scale interaction between
thalamocortical activity and SWRs during NREM sleep is a
possible mechanism that coordinates widely distributed
neuronal ensembles to promotememory consolidation [15,114].
The coordination between SWRs and spindles was first
evidenced by Siapas & Wilson [128]. In this seminal study, the
authors performed simultaneous recordings of the mPFC as
well as CA1 region of the hippocampus and revealed that
SWRs tended to occur at the onset of spindle episodes detected
in mPFC ([92,128,129] and figure 4a,b). While SWRs and spin-
dles tend to co-occur at slow timescales (approx. 10 s)
irrespective of the cortical regions where spindles are detected
[92,128,130], the sequential ordering of SWRs followed by spin-
dles at faster timescale (approx. 1 s) is less pronounced in
parietal cortex [130]. This could result from the relative asyn-
chrony of frontal spindles with other brain regions, as
observed in rodents [129] and humans [43].
One difficulty in assessing the coordination between SWRs
and spindles is that they are both co-modulated with SOs
[9,129–132].Whether the coupling between SWRs and spindles
is mediated by cortical inputs to the hippocampus [130] or by a
direct communication between the thalamus and the hippo-
campus remains an open question. Specifically, SWRs may
phase-lock to spindles by direct entorhinal projection to CA1,
or indirectly via the perforant path through the dentate gyrus
and CA3, both areas showing high modulation by spindles
[133]. Yet, recent evidence has pointed out a complex coordi-
nation between the thalamus and SWRs [134–136], and
possibly an active contribution of the thalamus to the timing
of SWRs [135]. Although cortical response to SWRs during
spindles is strongly diminished [92], hippocampal replay at
the time of SWRs is strengthened during spindles [134]. How-
ever, the view that SWRs are ‘nested’ within spindles is not
necessarily correct. While SWRs are phase-locked to ongoing
spindles [130], only a small proportion of SWRs do occur
during spindles, at least in the prefrontal regions [92].
By using the high-channel intra-EEG recordings performed
in pre-operative epileptic patients, a growing body of work
focuses on the relationship between thalamocortical and hippo-
campal oscillations. In humans, hippocampal SWRs have
recently been associated with memory functions [137,138]. Fur-
thermore, SOs, spindles and SWRs are co-modulated,
recapitulating results from the rodent literature [139,140]. As
observed in rats, SWRs tend to precede frontal spindles and
the delay between SWRs and spindle is less pronounced for par-
ietal spindle [139]. Whether this reflects a ‘propagation’ of SWR-
royalsoc
8triggered spindles fromfrontal toparietal cortex [129] remains an
open question. Human studies are still in their infancy but this
fast-growing field will make it possible to bridge the gap
between animal research and human cognitive science.ietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B4. The sequential hypothesis of hippocampo-
cortical coupling for memory
In the previous sections, we have described (i) how spindles
are associated with brain plasticity mechanisms and how
they are linked with local cortical activity modulation, and
(ii) how the coupling of spindles with other NREM oscil-
lations promotes different stages of memory formation. In
this section, we merge those functions and propose a model
whereby spindles are mediators of local synaptic plasticity
in the cortex following (and not during) network reactivation
of the hippocampo-cortical network in the context of
declarative memory formation.375:20190230(a) The temporal aspect of sharp wave-ripples/spindle
coupling
While SWRs are intimately associated with reactivation of
neocortical ensembles, simply ‘re-activating’ neocortical neur-
ons across brain regions may not be sufficient to reinforce
mutual coupling between neurons and hence create a stable
memory trace. Reactivation may favour a form of tagging of
the synapses that are recruited during the reinstatement
of the associated neuronal pattern, and the occurrence of spin-
dles following reactivation events is perfectly suited for the
synaptic consolidation of these traces. The role of NREM oscil-
lation coupling in sleep-dependent memory consolidation was
recently addressed by directly manipulating the temporal
relationship between these events. By electrically stimulating
the neocortex immediately after SWRs, Maingret et al. [141]
showed that the SO phase is reset, leading to increased inci-
dence of SWR-spindle sequences. Performing this stimulation
during sleep following a hippocampus-dependent memory
task enhances memory performance the following day [141].
In the mPFC, neuronal reactivation is maximal prior to
spindles [111] and this relationship is fully explained by
the temporal coordination between SWRs and spindles
(figure 4b). In this particular case, this observation rules out
any specific role of spindles in reactivation, and points instead
to a specific coupling between mPFC reactivation and hippo-
campal SWRs. Unlike other neocortical areas, the mPFC in
rats receives direct input from the hippocampus [142] and
plays a key role in the systems consolidation of hippocampal-
dependent memories [143]. Overall, these results suggest that
the sequential occurrence of SWRs and frontal spindles is
important for the consolidation of hippocampus-dependent
memories. According to the proposed hypothesis, synapses
that undergo plasticity during spindles (‘synaptic consolida-
tion’, figure 5a) are part of the neuronal ensembles reinstated
during preceding SWRs (‘network reactivation’, figure 5a).
Hence, the role of spindles for hippocampal-dependent
memories would be similar to any other form of spindle-
based learning. The only difference is that the consolidation
of declarative memories in the neocortex additionally requires
the hippocampus to reactivate neuronal ensembles before
synapse-specific plasticity takes place.Several aspects of the relationship between NREM oscil-
lations and learning remain largely unexplored. First, other
studies have reported reactivation of neuronal ensembles
during and not prior to spindles (e.g. [144]). These reactivations
were observed in the motor cortex after training on a motor
task, and similar increases in spindles have been reported in
humans [22,53,55]. As discussed above, it is possible that
NREM dynamics of oscillatory coupling differ between
mPFC and other brain areas. Further investigations are
required to address the similarities and differences between
spindles and single-cell activity in different thalamocortical
networks, brain regions and learning tasks.Another interesting
aspect of SWR-spindle coupling is that their temporal relation-
ship spans orders of magnitude in timescales, with SWRs
preceding not only individual spindle events (at least in the
mPFC) but also NREM bouts of elevated spindle event occur-
rence (at a timescale of approx. 10 s) [92,128]. The exact role of
this slow temporal coordination remains unknown. One possi-
bility is that successive SWRs convey related messages, as
observed during awake replay events [145], and thus need
orchestration at a slower timescale for coherent consolidation
of extended memories.(b) Spindles, a window for plasticity?
The occurrence of spindles following SWRsmay be particularly
beneficial for triggering synaptic plasticity consolidation in
reactivated networks (figure 5b). However, processing inputs
while the network is undergoing plasticity could interfere
with the consolidation of the memory trace. Interestingly, evi-
dence suggests that the brain becomes more unresponsive to
external stimuli during spindles. CombinedEEGand functional
magnetic resonance imaging measures in humans have shown
that acoustic stimulation during spindles fails to evoke a brain
response similar to the one observed outside spindles during
NREM sleep [146,147]. In mice, arousal threshold to auditory
stimuli is higher during periods of high sigma power [148].
Electrophysiological recordings in the mPFC in rats also show
disengagement of cortical neuronal activity from hippocampal
inputs during spindles [92] suggesting that, in addition to the
external inputs, the cortex is also disconnected from some
intrinsic signals. However, nociceptive signals are still trans-
mitted to the cortex [149], which may be explained for
obvious survival needs. Furthermore, contrary to what
human studies predicted, neurons of the primary auditory
cortex of rats respond in a similar way to auditory tone
during and outside spindles [150] although it is unclear if all
cortical neurons are responsive. Indeed, inhibitory control of
neuronal firing during spindles is maximal in L5 pyramidal
cells and not necessarily somuch in superficial pyramidal neur-
ons [92,93]. Overall, the apparent disengagement of cortical
networks, especially of deep cortical circuits, to incoming
stimuli during spindles sets a unique time window during
which cortical neurons andnetworksmay favour consolidation,
a process that would otherwise not be optimal owing to
ongoing interference.
As described in §3a, convergent electrophysiological and
imaging data suggest that Ca2+ concentration increases in den-
drites in response to thalamocortical bursting activity during
spindles without leading to increased firing, especially in L5
pyramidal cells. This decoupling between dendrites and
somatic activity most likely results from shunting inhibition
by PV+ neurons and is crucial for memory. An important role
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Figure 5. The sequential hypothesis of hippocampo-cortical coupling and plasticity role of spindles. (a) Illustration of the sequential hypothesis of hippocampo-
cortical coupling. Reactivation and hippocampo-cortical network interactions during SWRs are followed by spindle events during which synaptic communication in
those networks are modified via synaptic plasticity mechanisms. (b) Model of cortical circuit activity regulation of deep layers pyramidal neurons during spindles
based on Ca2+ imaging, electrophysiological and computational data. During spindles, dendrites are disinhibited via decreased activity of somatostatin inhibitory
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9for the activity of cortical PV+ neurons for memory consolida-
tion is supported by the observation that chemogenetic
inhibition of PV+ neurons in the mPFC during NREM sleep
impairs memory consolidation inmice [151]. This compartmen-
talization of increased intracellular Ca2+ in dendrites suggests
that spindles may promote non-Hebbian type of plasticity
[152,153]which is accompanied by localized plasticity induction
within dendrites. Avarietyof downstream targets andprocesses
can be activated locally in dendrites [154] such as enzymes (e.g.
CaMKII), cytoskeleton remodelling (e.g. actin dynamics) and de
novo protein synthesis [19] (figure 5b). It was suggested that the
frequency of Ca2+ influx could favour plasticity processes [49].
Here, CaMKIImight be a particularly good candidate as its acti-
vation is sensitive to rhythmic Ca2+ influx [155,156], which may
be favoured during NREM oscillations, including spindles. The
type and directionality of plasticity (e.g. LTP/LTD, functional/
structural plasticity) promoted during spindles is unclear but
spindles have been associated with mechanisms consistent
with both potentiation and depression [31,40,84,157] which
may depend on their coupling with SO or delta oscillations
[84]. Future experiments using selective manipulation of thala-
mocortical oscillations during NREM sleep [45,84] combinedwith cellular and molecular measures of plasticity will help
address this question.
5. Discussion
Brain oscillations during NREM sleep have now been studied
for nearly a century but it is only in recent decades that they
have been related to specific neuronal activity and memory
consolidation. The three hallmarks of NREM sleep, namely
SWs, spindles and SWRs, are all associated with memory
enhancement and plasticity. Their coordination is now well
established and is thought to be at the basis for the consolida-
tion of memories engaging distributed neuronal assemblies.
Spindles are a particularly interesting candidate for the
mechanisms supporting memory consolidation in the neo-
cortex. Here, we have reviewed how, at the systems level,
their frequency of occurrence and other intrinsic features are
associatedwithmemoryandhow theyare coupledwith hippo-
campal replay, another key player in memory formation.
Furthermore, at the cellular level, spindles regulate Ca2+
influx in neocortical dendrites, a necessary step to trigger
mechanisms associated with plasticity. While increased
royalsocietypublishing.org/journal/rstb
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10dendritic activity should also lead to a massive increase in
neuronal spiking, studies in L5 pyramidal cells (which are
the main output channel of the neocortex) show that activity
in those neurons remains seemingly undisturbed by spindles,
certainly controlled by shunting inhibition. This particular
regulation of cortical neuron activity would enable non-
Hebbian plasticity processes to occur locally in dendrites/
synapses while preventing interference with ongoing activity
in the circuit. The role of dendritic electrogenesis in learning
has received much attention recently [158–161], and it is inter-
esting to speculate that some of these mechanisms may be
promoted during spindles as well.
In the more specific case of hippocampal-dependent mem-
ories, mPFC spindles tend to be preceded by hippocampal
SWRs which are known to convey messages related to pre-
vious waking experience. This sequential ordering of SWRs
and neocortical spindles may thus constitute a mechanism
whereby memories are first reactivated and then consolidated.
Interestingly, the hippocampal area that is the most
modulated by spindles is the dentate gyrus [133], a key struc-
ture for memory [162,163]. The relationship between activity
in the dentate gyrus and spindles remains largely unexplored
but may constitute a crucial component of sleep-dependent
memory consolidation.
Although our knowledge of the dynamical processes at
play for memory consolidation during sleep has made
remarkable progress, many questions remain unanswered.
In particular, a definitive demonstration of the link between
plasticity processes, replay and SWs/spindles is still lacking.
The development of precise imaging tools combined with
advanced molecular approaches in behaving animals is
very promising. Another question that will need to be
addressed is the nature of the neuronal signal transmittedfrom the thalamus to the cortex. It has been assumed so far
that dendrites are depolarized by excitatory volleys from
the thalamus, yet, it is unlikely that this excitation is
random and, instead, certainly convey meaningful messages.
Recent evidence suggests that the pairwise coordination of
thalamic neurons is preserved in NREM and REM sleep rela-
tive to the awake state [164,165] suggesting that the cortex
receives similar signals independently of brain states.
Much work on spindles still needs to be carried out. This
research will not only address some fundamental questions
about the role of sleepbutwill also opennewavenues for clinical
research. In fact, spindlesmayplay a protective role in the cortex
in some forms of epilepsy [166]. Furthermore, spindles are
diminished in schizophrenia patients [167]) and their global
coordination is impaired in mouse models of schizophrenia
[129]. More generally, the covariance of spindles characteristics
with neurodevelopmental and neurodegenerative disorders
offers a promising use of spindles as a biomarker in neuro-
pathology. Determining a common function to spindles (and
potential differences), across species, brain modalities and
developmental stages [68,168] is certainly one of the great
challenges in sleep research in the next decade.
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